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Effect of exercise-induced muscle 
damage on muscle hardness evaluated 
by ultrasound real-time tissue elastography
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Abstract 
Purpose: To assess the effect of exercise-induced muscle damage on muscle hardness and evaluate the relationship 
between muscle hardness and muscle damage indicators.
Methods: Seven men (mean 25.3 years; 172.7 cm; 66.8 kg) performed the single-leg ankle plantar flexion exercise 
involving both concentric and eccentric contractions (10 sets of 40 repetitions). The hardness of the medial gastroc-
nemius (MG) was evaluated using ultrasound real-time tissue elastography before, from day 1 to 4, and day 7 after 
exercise. The strain ratio between the MG and a reference material was calculated. Simultaneously, we evaluated the 
magnetic resonance T2 value (an index of edema) of the triceps surae, the ankle dorsiflexion range of motion (ROM), 
and calf muscle soreness. Serum creatine kinase activity was assessed before, 2 and 4 h, and from day 1 to 4 after 
exercise.
Results: The MG showed lower strain ratio, indicating increased muscle hardness, on day 4 post-exercise (P < 0.01) 
and higher T2 values on days 1–7 post-exercise (P < 0.01) relative to each pre-exercise value. The ankle dorsiflexion 
ROM was lower on days 2–4 post-exercise (P < 0.01). The serum creatine kinase markedly increased on days 3 and 4 
post-exercise (not significant). The degree of muscle soreness among the post-exercise time points was similar. The 
decreased strain ratio did not correlate with the increased T2, the decreased joint ROM or muscle soreness.
Conclusion: Muscle hardness increased after strenuous resistance exercise, but the change was not related with 
muscle edema, decreased joint ROM, or muscle soreness resulting from muscle damage.
Keywords: Real-time tissue elastography, Magnetic resonance imaging, Muscle hardness, Eccentric contraction, 
Muscle damage, Muscle edema
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Background
Eccentric muscle contraction, in which muscle fibers 
stretch during force generation, creates high tension in 
muscle fibers and is more likely to result in contraction-
induced muscle damage (Friden et al. 1983; Jones et al. 
1986; Beaton et al. 2002). Several studies have reported 
increased muscle stiffness along the longitudinal axis of 
the muscle (increased muscle tension) as a pathophysi-
ological response to eccentric exercise (Howell et  al. 
1993; Murayama et  al. 2000; Whitehead et  al. 2001; 
Hoang et al. 2007; Reisman et al. 2009; Yanagisawa et al. 
2011a). This increased longitudinal muscle stiffness may 
be related to decreased joint range of motion (ROM) 
(Nosaka and Clarkson 1996; Murayama et  al. 2000; 
Nosaka et al. 2001; Ingham et al. 2010). In addition, a few 
studies have observed elevated muscle hardness (an elas-
tic property that represents transverse muscle stiffness) 
after eccentric exercise, using a tissue pressure method 
that applies pressure perpendicular to the skin surface 
(Murayama et  al. 2000; Andersen et  al. 2006). Muray-
ama et al. (2000) observed elevated muscle hardness and 
decreased joint ROM after eccentric exercise and sug-
gested that the elevated muscle hardness stems in part 
from increased longitudinal muscle stiffness resulting 
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from muscle damage. However, the hardness within 
a specific muscle before and after repetitive eccentric 
muscle contraction and the relationship between post-
exercise muscle hardness and muscle damage indicators 
have not been fully elucidated.
In contrast to the tissue pressure method, ultrasound 
real-time tissue elastography (RTE) can assess the 
hardness distribution within a specific muscle (Dra-
konaki and Allen 2010; Niitsu et  al. 2011; Yanagisawa 
et al. 2011b; Chino et al. 2012). In living humans, light 
epidermis compression with a hand-held ultrasound 
transducer produces strain within subcutaneous tis-
sue. The strain rate is lower in harder tissue than in 
softer tissue (Drakonaki and Allen 2010; Niitsu et  al. 
2011; Yanagisawa et al. 2011b; Chino et al. 2012). RTE 
visualizes the distribution of the strain within the tis-
sue as a translucent color-coded tissue elasticity map 
superimposed on the B-mode image. We can semi-
quantitatively assess the hardness of a specific tissue 
by comparing its strain rate with that of a reference 
material (strain ratio) (Niitsu et  al. 2011; Yanagisawa 
et al. 2011b; Chino et al. 2012). Using RTE, Niitsu et al. 
(2011) reported that the hardness of the biceps bra-
chii muscle was significantly higher for  several days 
after eccentric elbow flexion exercise. However, the 
study of Niitsu et  al. (2011) did not clarify the rela-
tionship between muscle hardness and muscle damage 
indicators.
Magnetic resonance (MR) T2-weighted image and its 
coefficient, the T2 value, have frequently been utilized 
for evaluation of muscle damage resulting from repeated 
eccentric muscle contraction (Nosaka and Clark-
son 1996; Nosaka et  al. 2001; Yanagisawa et  al. 2003b, 
2011a; Guilhem et  al. 2013; Lacourpaille et  al. 2014; 
Schuermans et al. 2014; Fulford et al. 2015). Repetitive 
eccentric muscle contraction often results in damage-
related muscle edema (Friden et  al. 1988). Fluid accu-
mulation prolongs the T2 value of an exercised muscle 
and increases the signal intensity on T2-weighted image 
(Yanagisawa et al. 2003a). Intramuscular fluid accumu-
lation would be expected to elevate intramuscular pres-
sure (Friden et  al. 1986, 1988; Crenshaw et  al. 2000). 
Friden et al. (1986) suggested that the greater intramus-
cular pressure observed 2  days after eccentric exercise 
was attributable in part to the decreased compliance of 
the compartment resulting from damage-related muscle 
edema. In addition, a positive correlation was observed 
between intramuscular pressure and hardness (Stein-
berg 2005; Steinberg et  al. 2011). Therefore, although 
the damage-related muscle edema is assumed to con-
tribute to the elevated muscle hardness after eccentric 
exercise, the exact relationship remains unclear.
We aimed to investigate the effect of exercise-
induced muscle damage on muscle hardness using 
RTE. A secondary aim was to determine the associa-
tions between muscle hardness and muscle damage 
indicators (decreased joint ROM, edema, and soreness) 
after strenuous resistance exercise. We postulated that 
strenuous resistance exercise increases muscle hard-
ness and that there are pathophysiological relationships 




The participants in this study were seven healthy 
men (mean  ±  standard deviation (SD): age, 
25.3  ±  1.5  years; height, 172.7  ±  5.9  cm; weight, 
66.8 ± 7.2 kg) who had not performed lower extrem-
ity resistance training in the previous 6  months. The 
right leg was dominant in all subjects (defined as the 
preferred kicking leg). Non-resistance trained sub-
jects were chosen to exclude the possibility of pro-
tective effects against muscle damage (Nosaka et  al. 
2001). In addition, none of the subjects had a history 
of muscle strain in the lower extremity. All subjects 
were instructed to refrain from participating in any 
physical exercise beginning 1 week prior to the meas-
urements and from undergoing private physical thera-
peutic activity or taking any supplements during the 
measurements.
Exercise protocol
Each subject rested on an exercise device specially 
designed for ankle plantar flexion, with the knee joint 
extended and the metatarsal bone resting on a stool 
(Figure  1) (Kanda et  al. 2013). The slope of the back-
rest was 30°, so that the exercise load corresponded 
to approximately half of the subject’s weight (exercise 
load = body mass × sin 30°). With their right leg, sub-
jects performed single-leg ankle plantar flexion exer-
cise consisting of 10 sets of 40 repetitions with a 3-min 
rest between sets. The ROM of the ankle joint during 
the exercise was maintained between 20° (dorsiflexion 
position) and 15° (plantar flexion position) using an 
electronic goniometer (SG110/A, Biometrics, Newport, 
UK) with its ends attached to the distal-lateral part of 
the fibula and the lateral part of the foot. Each subject 
received visual feedback on his ankle joint ROM during 
the exercise via display of the joint ROM value on a per-
sonal computer. The exercise was performed in accord-
ance with the rhythm of an electrical metronome at a 
speed of 60 counts/min; ankle dorsiflexion and plantar 
flexion were alternated and repeated every 1  s. Out of 
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seven subjects, two could not maintain the prescribed 
ROM of the ankle joint in later sets, which could conse-
quently disturb the rhythm of the exercise itself. There-
fore, for these two subjects, the number of repetitions 
per set was reduced in order to maintain the ankle joint 
ROM during the exercise, and the number of sets was 
increased accordingly. All subjects completed a total of 
400 repetitions of ankle plantar flexion.
RTE
Axial B-mode and RTE images of the right medial gas-
trocnemius (MG) were obtained before and 1, 2, 3, 4, and 
7  days after exercise using a digital ultrasound system 
(EUB-7500; Hitachi Aloka Medical, Ltd., Tokyo, Japan) 
with a 14–6 MHz linear array transducer (EUP-L65). In 
consideration of the possibility that some subjects would 
be unable to stretch their calf muscles fully during the 
post-exercise RTE scans because of severe post-exercise 
muscle soreness, the RTE measurements were performed 
within the MG in a somewhat relaxed state with the knee 
45° flexed and the ankle 20° plantar flexed. We adjusted 
the location of the ultrasound probe on a line drawn on 
the muscle belly of the MG (70% of the distance between 
the medial point of the knee joint space and the central 
point of the medial malleolus) so that we could scan the 
center region of the MG. The location of the probe was 
marked with semipermanent ink on the skin surface; 
when the mark was fading we redrew it. The probe was 
consistently placed on the mark so that the RTE meas-
urement was performed at the same position for every 
measurement. The scanning head of the probe was 
coated with transmission gel to obtain acoustic coupling.
The RTE image was obtained by manual application of 
light repetitive compression (rhythmical compression-
relaxation cycle) with the transducer in the scan position. 
The compression velocity during the scan was displayed 
as a numerical value ranging from 1 to 6 on the edge of 
the RTE image. The manufacturer recommends a veloc-
ity between 3 and 5 for calculation of local strain within 
the field of view of the RTE scan. On the other hand, 
this ultrasound device lacked the ability to monitor the 
compressive force during the scan; therefore, a highly 
trained examiner performed the RTE measurement to 
ensure that the compressive force was as constant as pos-
sible among the scans. The reference material sample 
(60  ×  50  ×  8  mm) was placed between the transducer 
and the MG; this material contained a homogenous 
internal texture (hydrogel), and had even compressibility 
and conductivity for cyclic pressure to the deep muscular 
structures (Niitsu et al. 2011; Yanagisawa et al. 2011b).
After scanning, three RTE images from each measure-
ment session were selected at random. The criteria for 
image selection included (1) a compression velocity from 
3 to 5 at the moment of imaging and (2) clear color-cod-
ing of the entire RTE image. In each of the three images, 
rectangular regions of interest (ROI) were defined indi-
vidually in the MG and the reference material. The strain 
rate within each ROI was measured automatically using 
built-in software, and a strain ratio (muscle/reference 
ratio: the strain rate of the MG divided by that of the 
reference material) was calculated for each of the three 
images. The strain rate in response to the compression 
force is physically smaller in harder tissue than in softer 
tissue. Therefore, as the muscle becomes harder, the 
strain ratio decreases. The mean value of the three trials 
was accepted as the strain ratio value of each measure-
ment session. Excellent intra-observer reproducibility 
was confirmed in the muscle/reference ratio of the three 
repeated RTE measurements (Yanagisawa et al. 2011b).
MR imaging
A 1.5-Tesla MR system (Signa EXCITE XI, GE Health-
care, Milwaukee, WI, USA) with a quadknee coil was 
used to obtain axial MR images of the right calf before 
and 1, 2, 3, 4, and 7  days after exercise. The coil was 
always placed in the same position on the scan table to 
ensure reproducibility of the MR images. The scan posi-
tion was approximately equal to that on the RTE scan. 
Auto shimming was performed before every scan. The 
imaging sequence (spin-echo-type) for calculating the 
muscle T2 value was as follows: a single slice; repeti-
tion time, 2,500  ms; echo time, 20, 40, 60, and 80  ms; 
128 × 128 matrix; number of excitations, 1; field of view, 
220  mm; slice thickness, 10  mm; and acquisition time, 
5 min 50 s.
ROIs were drawn around the MG, the lateral gastroc-
nemius (LG) and soleus (SOL) on an image with a 20-ms 
echo time and were then copied onto the 40, 60, and 
80-ms echo time images. The signal intensity for each 
echo time, for each muscle, was determined. Then, T2 
Figure 1 Schematic diagram of the dynamic ankle plantar flexion 
exercise. The backrest smoothly slid in accordance with the subject’s 
ankle movement.
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value was calculated via the following equation: Sn = S0 
exp(−TE/T2), where Sn represents the signal intensity at 
each echo time, S0 is signal intensity at 0 ms, and TE is 
echo time.
Ankle active ROM
Right ankle dorsiflexion ROM was measured before and 
1, 2, 3, 4, and 7  days after exercise using an electronic 
goniometer (SG110/A, Biometrics, Newport, UK) with 
its ends attached to the distal-lateral part of the fibula 
and the lateral part of the foot. The subject was asked to 
dorsiflex the ankle joint voluntarily from the anatomic 
position (defined as 0°) with a straight knee three times, 
and the mean value was adopted as the value of the ankle 
dorsiflexion ROM. The goniometer-derived signals were 
transmitted to a personal computer via an A/D converter 
(PowerLab 16SP, ADInstruments, NSW, Australia) and 
analyzed using a Labchart 7 software (ADInstruments, 
NSW, Australia).
Serum creatine kinase (CK) activity
Approximately 12  mL of blood was collected by veni-
puncture from an antecubital vein before exercise; 2 and 
4  h after exercise; and 1, 2, 3, and 4  days post-exercise. 
The blood samples were collected into serum separation 
tubes. The blood in the serum separation tubes was left 
at room temperature for 30  min to allow clotting and 
centrifuged at 1,000×g for 10 min. The serum was then 
removed and immediately cooled to −80°C and stored 
for later analysis. Bio Medical Laboratories (BML, INC., 
Tokyo, Japan) measured serum CK activity spectropho-
tometrically using an automated analyzer (Hitachi model 
7170; Tokyo, Japan) by an UV method (Nittobo Medical 
Co., LTD; Tokyo, Japan). According to BML’s instruction, 
the normal reference range for males using this method 
is 50–230 U/L (37°C).
Muscle soreness
Right calf muscle soreness was assessed before and 1, 
2, 3, 4, and 7 days after exercise using a 100-mm visual 
analog scale, on which 0 indicated no pain and 100 indi-
cated “pain preventing one from walking unassisted”. 
Subjects were instructed to mark “their soreness during 
walking” on the visual analog scale because muscle sore-
ness frequently occurs during mechanical stimulation of 
the muscle (Hoang et al. 2007; Yanagisawa et al. 2011a).
Statistical analysis
Means and SD were calculated for all variables. Because 
of the small sample size and non-normal distribution 
of the data in this study, a non-parametric Friedman 
test was used to evaluate the significance of differences 
over time for each variable. Then, if a significant overall 
difference was found, a Wilcoxon test with Bonferroni 
correction as a post hoc test was performed to evaluate 
the significance of changes from the pre-exercise value 
for the strain ratio, T2 value, ankle dorsiflexion ROM, 
and serum CK activity. The degree of muscle soreness 
was compared among the post-exercise time points using 
the abovementioned post hoc test because all of the sub-
jects reported the pre-exercise value to be 0 on the vis-
ual analog scale. Moreover, Spearman’s rank correlation 
coefficient (rs) was calculated to assess the correlation 
between the strain ratio and some indicators of muscle 
damage (T2 value, ankle dorsiflexion ROM, and severity 
of muscle soreness). The level of statistical significance 
was set at P < 0.05 for all analyses.
Results
RTE
Figure 2 shows the changes in muscle hardness in a rep-
resentative subject as color-coded RTE images; increased 
hardness of the MG was visually apparent on day 4 post-
exercise. The strain ratio of the MG showed a significant 
time effect over the entire measurement period (Fried-
man test, P  <  0.05). This value was significantly lower 
than the pre-exercise value (1.19 ±  0.17) on day 4 after 
exercise (0.92 ± 0.17) (Wilcoxon test, P < 0.01, Figures 3, 
4, 5, 6). On the other hand, the strain ratio of the MG 
showed no significant correlation with the T2 value of 
the MG (rs = 0.54, P = 0.189), ankle dorsiflexion ROM 
(rs = −0.21, P = 0.6), or muscle soreness level (rs = 0.18, 
P = 0.661) on day 4 post-exercise.
MR Imaging
There was a significant main effect of time on the T2 
value of the MG (Friedman test, P  <  0.05), but no sig-
nificant time effect on the T2 values of the LG and SOL 
was apparent. The T2 values of the MG were significantly 
higher than the pre-exercise value (28.2 ± 1.3 ms) on days 
1 (30.9 ± 1.5 ms), 2 (35.6 ± 10.1 ms), 3 (39.9 ± 12.3 ms), 
4 (40.7 ± 11.0 ms), and 7 (39.1 ± 8.5 ms) after exercise 
(Wilcoxon test, P < 0.01, Figure 3). Figure 7 shows axial 
T2-weighted images of the right leg before and 4  days 
after exercise in the same subject shown in Figure  2. 
Region of increased signal intensity in the MG was more 
pronounced on T2-weighted image obtained on day 4 
post-exercise.
Ankle dorsiflexion ROM
We found a significant main effect of time on the ankle 
dorsiflexion ROM (Friedman test, P  <  0.05). The ankle 
dorsiflexion ROM was significantly lower than the pre-
exercise value (22.9°  ±  5.1°) on days 2 (13.8°  ±  4.8°), 3 
(12.1°  ±  7.7°), and 4 (15.8°  ±  4.9°) after exercise (Wil-
coxon test, P < 0.01, Figure 4).
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Figure 2 Changes in the axial RTE image superimposed on the 
B-mode image of a representative subject before and at day 4 after 
exercise. The rectangular ROIs were placed within the MG (B) and a 
reference material (A) on an RTE image obtained at each measure-
ment time. The color code indicated the relative strain of the tissues 
and the reference material to the compression force within the 
field of view, and ranged from red (soft) to blue (hard), with green 
indicating average strain. The compression velocity during scan was 
expressed as a numeric scale ranging from levels 1–6 on the lateral 
part of the RTE image (recommended velocity by manufacturer: 3–5 
levels). Compared with the pre-exercise RTE image, the post-exercise 
RTE image showed a decrease in the red region and an increase in the 
blue and green regions in the ROI in the MG.
Figure 3 Time course of changes in T2 values in the triceps surae 
muscles (MG: medial gastrocnemius; LG: lateral gastrocnemius; and 
SOL: soleus) and strain ratio of the MG before and after exercise. Values 
are represented as mean ± SD. *P < 0.01: significantly greater T2 
values compared with pre-exercise value in the MG. ✝P < 0.01: signifi-
cantly lower strain ratio compared with pre-exercise value in the MG.
Figure 4 Time course of changes in ankle dorsiflexion ROM and 
strain ratio of the MG before and after exercise. Values are represented 
as mean ± SD. *P < 0.01: significantly decreased ankle dorsiflexion 
ROM compared with pre-exercise value. ✝P < 0.01: significantly lower 
strain ratio compared with pre-exercise value in the MG.
Figure 5 Time course of changes in serum CK activity and strain 
ratio of the MG before and after exercise. Values are represented as 
mean ± SD. ✝P < 0.01: significantly lower strain ratio compared with 
pre-exercise value in the MG.
Figure 6 Changes in muscle soreness level and strain ratio of the 
MG before and after exercise. Values are represented as mean ± SD. 
✝P < 0.01: significantly lower strain ratio compared with pre-exercise 
value in the MG.
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Serum CK activity
There was a significant main effect of time on the serum 
CK value (Friedman test, P  <  0.05). However, the Wil-
coxon test did not reveal any significant increase from 
the pre-exercise value at any post-exercise time point 
(Figure 5).
Muscle soreness
None of the subjects had any muscle soreness before exer-
cise. There was a significant main effect of time on the 
muscle soreness level (Friedman test, P < 0.05). However, 
there was no significant difference in the degree of muscle 
soreness among the post-exercise time points (Figure 6).
Discussion
Eccentric muscle contraction frequently causes struc-
tural damage to the exercised muscles (Friden et al. 1983; 
Jones et  al. 1986; Beaton et  al. 2002). In our study, this 
exercise-induced muscle damage was indicated indi-
rectly by increased serum CK activity, muscle soreness, 
decreased dorsiflexion ROM, and elevated T2 value in 
the MG. In addition, this damage might contribute to the 
elevated muscle hardness of the MG in RTE measure-
ment. On the other hand, no significant correlations were 
found between the muscle hardness evaluated by RTE 
and the other damage-related variables.
Our results showed a significant effect of time on 
serum CK activity, suggesting that the repeated eccentric 
muscle contraction damaged muscle fibers. The blood 
CK level serves as an indirect index of eccentric contrac-
tion-induced muscle damage (Jones et  al. 1986; Nosaka 
and Clarkson 1996; Nosaka et al. 2001; Beaton et al. 2002; 
Yanagisawa et al. 2003b, 2011a; Paulsen et al. 2005; Guil-
hem et  al. 2013; Koch et  al. 2014; Fulford et  al. 2015). 
Muscle fibers are subject to greater mechanical stress 
during eccentric muscle contraction. CK efflux should 
result from the loss of sarcolemmal integrity (increased 
permeability and/or breakdown of the membrane sur-
rounding the muscle cell) due to the mechanical stress 
imposed by the repeated eccentric muscle contraction 
(Friden et  al. 1983; Nosaka and Clarkson 1996; Koch 
et al. 2014).
The MG showed significantly elevated T2 values on 
days 1–7 after exercise, but the LG and SOL had no 
significant change throughout this study. This non-
uniformity among the triceps surae muscles is likely 
attributable to variation in the degree of muscle fiber 
disruption caused by repeated eccentric muscle contrac-
tion. The MG is most heavily recruited by dynamic ankle 
plantar flexion exercise with the knee extended among 
the plantar flexors (Yanagisawa et  al. 2003a). The T2 
elevation in the MG mainly reflects increased intramus-
cular fluid due to muscle damage. The serum CK level 
tended to increase in a delayed manner, being higher 3 
and 4 days post-exercise. We can infer that elevated inter-
stitial osmotic pressure due to the efflux of CK into the 
extracellular space might have drawn blood plasma into 
the interstitial spaces of the damaged muscles, result-
ing in formation of edema in the MG (Friden et al. 1983; 
Nosaka and Clarkson 1996; Koch et al. 2014). Moreover, 
eccentric contraction-induced muscle damage attracts 
inflammatory cells such as neutrophils and macrophages 
to the site of damage to remove disrupted muscle tis-
sue fragments and initiate muscle repair (Beaton et  al. 
Figure 7 Axial T2-weighted images (repetition time = 2,500 ms, echo time = 80 ms) of the right leg before and at day 4 post-exercise. Increased 
signal intensity was more prominent in the MG on post-exercise T2-weighted image (MG: medial gastrocnemius; LG: lateral gastrocnemius; and 
SOL: soleus). This increased signal intensity reflects increased fluid content within the MG. In particular, the size of the MG apparently increased at 
day 4 after exercise, likely due to the edema formation.
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2002; Paulsen et al. 2005; Peake et al. 2005; Kanda et al. 
2013). In general, neutrophils infiltrate damaged mus-
cle within several hours after eccentric exercise, and are 
replaced by blood monocyte-derive macrophages within 
approximately 24 h post-exercise (Peake et al. 2005). The 
infiltration of inflammatory cells from the blood vessel is 
accompanied by fluid effusion (Peake et al. 2005). In addi-
tion, various cytokines that act as inflammatory media-
tors that increase vascular permeability are produced in 
the damaged muscle within several hours after repeated 
eccentric contraction (Paulsen et  al. 2005; Peake et  al. 
2005). Therefore, elevation of the extravascular osmotic 
pressure and/or increased vascular permeability as a 
result of this inflammatory process may be also associ-
ated with edema formation within the MG, especially 
early after exercise. Indeed, T2 elevation would be asso-
ciated with not only increased intramuscular water con-
tent, but also inflammatory responses and direct muscle 
fiber damage (Yanagisawa et  al. 2003b, 2011a; Guilhem 
et al. 2013; Lacourpaille et al. 2014; Fulford et al. 2015).
The present study also showed significantly decreased 
ankle dorsiflexion ROM on days 2–4 after exercise. Previ-
ous studies have reported decreased joint ROM for sev-
eral days after eccentric exercise as an indirect evidence 
of muscle damage (Nosaka and Clarkson 1996; Muray-
ama et al. 2000; Nosaka et al. 2001; Ingham et al. 2010). 
The decrease in ROM observed in the present study is 
expected to reflect increased longitudinal muscle stiff-
ness in the ankle plantar flexors, partly as a result of a 
damage-induced increase in the intracellular Ca2+ level 
in muscle fibers after eccentric exercise (Whitehead et al. 
2001; Hoang et  al. 2007; Reisman et  al. 2009). Judging 
from post-exercise T2 elevation, the damaged MG might 
contribute greatly to the decreased ankle dorsiflexion 
ROM after exercise.
The strain ratio of the MG was significantly lower on 
day 4 post-exercise, indicating increased muscle hard-
ness. Similarly, Murayama et  al. (2000), using the tissue 
pressure method, found that muscle hardness measured 
in the relaxed-joint position increased on days 4 and 5 
after eccentric exercise and that this change seemed to be 
associated with local edema resulting from muscle dam-
age. We hypothesized that there would be a pathophysi-
ological relationship between increased hardness and 
local edema within the exercised muscle. However, the 
present study found no significant correlation between 
the strain ratio and the T2 value in the MG on day 4 post-
exercise. Furthermore, the strain ratio of the MG showed 
no significant decrease on day 1, 2, 3, or 7 after exer-
cise regardless of the significantly increased T2 values 
at these time points. Therefore, this study suggests that 
local edema does not contribute to the elevation of mus-
cle hardness. Lacourpaille et al. (2014) also showed that 
muscle shear elastic modulus increased after eccentric 
exercise, but the increase had no clear relationship with 
T2 elevation (fluid accumulation) in the damaged mus-
cle. Moreover, although elevated muscle hardness has 
been suggested to reflect an increase in muscle stiffness 
after eccentric exercise (Murayama et al. 2000), we found 
no clear correlation between decreased strain ratio and 
reduced joint ROM on day 4 post-exercise. Murayama 
et al. (2000) revealed that the hardness of the elbow flexor 
muscles was greater in the elbow-extended position than 
in the elbow-flexed position. Lacourpaille et  al. (2014) 
also reported that the increase in muscle shear elastic 
modulus after eccentric exercise was more pronounced 
and persisted longer at long than at short muscle length. 
However, we did not measure the hardness of the MG in 
a forcibly stretched state. This may explain why the effect 
of increased longitudinal muscle stiffness was not largely 
reflected on the hardness of the MG in our study.
The time course of changes in muscle hardness may be 
affected by either relaxation or stretch of the muscle dur-
ing the measurement. Niitsu et  al. (2011) showed with 
RTE that the hardness of the biceps brachii muscle meas-
ured in the elbow-extended position peaked on day 2 
after eccentric elbow flexion exercise and then decreased 
until day 4 post-exercise. Murayama et  al. (2000) also 
reported, using the tissue pressure method, that the 
hardness of elbow flexor muscles peaked earlier after 
eccentric elbow flexion exercise when measured in the 
elbow-extended position (day 3 post-exercise) than when 
measured in the elbow-relaxed position (day 5 post-exer-
cise). These studies showed earlier post-exercise elevation 
in muscle hardness than observed in our study. Unlike 
our study, the aforementioned studies measured muscle 
hardness in positions in which the muscle fibers were 
stretched. As longitudinal muscle stiffness frequently 
peaks within 2  days after eccentric exercise (Howell 
et  al. 1993; Hoang et  al. 2007; Yanagisawa et  al. 2011a), 
increased longitudinal muscle stiffness may contribute 
significantly to muscle hardness early post-exercise.
The present study showed a significant main effect 
of time on the muscle soreness level, but no significant 
difference in the degree of muscle soreness among the 
post-exercise time points. Subjects reported muscle 
soreness during mechanical stimulation, such as muscle 
extension during walking, but almost no soreness during 
relaxation. Muscle soreness likely reflects ultrastructural 
muscle fiber damage, and mechanoreceptor stimulation 
may contribute to the perception of soreness (Weerak-
kody et  al. 2001). We found no significant correlation 
between increased muscle hardness and muscle sore-
ness on day 4 after exercise. Andersen et al. (2006) also 
reported increased hardness and decreased pressure pain 
threshold in an eccentrically exercised muscle, but could 
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not detect a clear correlation between the two variables. 
Therefore, elevated muscle hardness may not be a critical 
determinant of muscle soreness.
The present study did have some limitations. First, 
our small sample size might have limited our statisti-
cal power. Second, as mentioned above, muscle stiffness 
along the longitudinal axis of the muscle is expected to 
contribute strongly to muscle hardness (Murayama et al. 
2000). Therefore, the strain ratio of the MG in our study 
might have decreased more dramatically if we had meas-
ured the muscle hardness with the muscle in a forcibly 
stretched state. Third, although we evaluated the muscle 
hardness and damage only in the muscle belly of the MG, 
the degree of change in these parameters may differ from 
site to site within the muscle. Actually, Andersen et  al. 
(2006) showed using a tissue pressure method that the 
hardness of the tibialis anterior greatly increased in the 
proximal and distal sites of the muscle than in the mus-
cle belly after eccentric exercise with the tibialis anterior. 
Additionally, Kinugasa et al. (2006) showed using T2 val-
ues that the medial, anterior and distal portions of the 
MG were more activated by a calf-raise exercise. Their 
findings suggested heterogeneous distribution of activity 
within the MG during the calf-raise exercise. Shin et al. 
(2009) also revealed that the mechanical stress imposed 
by eccentric muscle contraction was heterogeneously dis-
tributed within the healthy human MG. Taken together, 
multi-positional estimation of muscle hardness and dam-
age might be a better way to delineate the condition of 
the muscle after eccentric exercise and to determine the 
relationship between these parameters. Finally, although 
the reliability and validity of the quantitative method for 
measuring muscle hardness using RTE has been verified 
(Yanagisawa et al. 2011b; Chino et al. 2012), the findings 
of RTE measurement should be compared to those of 
other imaging techniques, such as MR elastography and 
supersonic shear imaging.
Conclusions
RTE revealed that muscle hardness increases after stren-
uous resistance exercise including repetitive eccentric 
muscle contraction. However, the increased muscle hard-
ness did not correlate with muscle damage indicators, 
such as muscle edema, decreased joint ROM and muscle 
soreness.
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